Soft apodizing apertures were developed and investigated. They were based on the absorption induced in CaF 2 :Pr by ionizing radiation and their diameters were 2-5 cm. The transmission profiles of the apertures were determined at the wavelength of 1.06 μ. The optical quality of the apertures was determined, measurements were made of the damage thresholds and their use in high-power laser systems was studied. The damage threshold of CaF 2 :Pr apertures in focused laser beams was higher than the damage thresholds of laser glasses and these apertures did not bleach right up to the damage threshold. An increase in the efficiency of conversion to the second harmonic was observed when a soft aperture was placed in a laser beam.
Soft apodizing apertures were developed and investigated. They were based on the absorption induced in CaF 2 :Pr by ionizing radiation and their diameters were 2-5 cm. The transmission profiles of the apertures were determined at the wavelength of 1.06 μ. The optical quality of the apertures was determined, measurements were made of the damage thresholds and their use in high-power laser systems was studied. The damage threshold of CaF 2 :Pr apertures in focused laser beams was higher than the damage thresholds of laser glasses and these apertures did not bleach right up to the damage threshold. An increase in the efficiency of conversion to the second harmonic was observed when a soft aperture was placed in a laser beam.
We developed and investigated soft apodizing apertures based on induced absorption 1 " 4 under the influence of ionizing radiations: the diameters of these apertures were 2-5 cm and they were made of fluorite crystals doped with trivalent praseodymium (Pr 3 + ) ions. Soft apertures based on induced absorption have been made earlier from the same crystals,'· 3 · 4 but their diameters did not exceed 1 cm, whereas the diameters of neodymium glass elements of high-power amplifying stages are currently 3-5 cm or more.
We recall that irradiation of CaF 2 :Pr 3+ crystals with ionizing radiation until the state of saturated absorption is reached converts about 30% of the Pr 3+ ions to the divalent state. This estimate of the degree of conversion has been obtained by comparing the absorption spectra of these crystals before and after irradiation with a 7-ray dose of 10 7 rad. The absorption spectrum of CaF 2 :Pr 3 + consists of narrow discrete lines, but after irradiation bands appear in the visible and near-infrared part of the spectrum; this corresponds to CaF 2 :Pr 2+ (Ref. 5). The desired configuration and variation of the absorption of light by an aperture from its geometric center to the edge of the aperture are achieved by varying radially the ionizing-radiation dose absorbed by the crystal.
We determined the transmission profiles of such apertures at the wavelength of λ = 1.06 μ and we also studied both the optical quality of the apertures and the damage threshold. The apertures were then used in high-power λ = 1.06 μ laser systems.
Our CaF 2 :Pr 3 + crystals were grown by the Stockbarger method in vacuum. The dimensions of rectangular apertures were 38x32 mm and their length was 3 cm; apertures with circular cross sections had a diameter of 2-5 cm and were 3 cm long. An interferogram obtained for one of the samples is shown in Fig. 1 . The interferometer mirrors were 3 cm in diameter, the geometric path of a ray in a sample was 6 cm per each return trip, and the wavelength of the laser radiation used in these measurements was 0.63 μ. The interferogram demonstrated the absence of bulk inhomogeneities in the sample (δη/η χ 10^6).
The induced absorption coefficient of these crystals amounted to about 1.8 cm"
1 at the Λ = 1.06 μ wavelength used in high-power laser systems and it depended weakly on the molecular concentration of the praseodymium ions in the range 0.15-0.75% (Fig. 2) . A further increase in the ion concentration resulted in a deterioration of the optical quality of the crystals. The ionizing radiation dose did not exceed 10 6 -10 8 rad. Small amounts of impurities of other elements increased the induced absorption coefficient. Some of the impurities in the fluorite samples could not be identified because of their low concentration and they were characterized by an induced absorption coefficient of 6 cm"'. An increase in the ionizing radiation dose in excess of 10 8 rad did not affect the induced absorption coefficient, because the absorption was saturated already at a dose of 10 6 rad. Another way of increasing the induced absorption coefficient at the wavelength of Λ = 1.06 μ was the method of additive reduction when all the Pr 3+ ions present in the lattice of CaF 2 were converted to the divalent state. 6 Apodizing apertures made by the method of additive reduction had been investigated earlier. 4 Our samples were irradiated using one of two ionizing radiation sources: an electrostatic generator of the EG-2.5 type with an output in the form of a 2 MeV electron beam and a linear accelerator of the ELU-5 type producing electrons of 5 MeV energy. The total dose absorbed by each sample was 10 6 -10 8 rad. Different gradients of the transmission of light over the transverse cross section of an aperture were created by a method shown in Fig. 3 . A screen absorbing the ionizing radiation was made of Duralumin and its thickness varied along the length.
The radial transmission functions of the apertures were The measurements indicated (curves 1-5 in Fig. 4 ) that the transmission profiles of soft apertures were much closer to a rectangular distribution of the intensity over the cross section than in the case of Gaussian beams. For a Gaussian beam the fill factor was R =0.215, for a rectangular distribution it was R = 1, whereas for curves 1-5 representing the transverse distributions of the intensity at the exit of our soft apertures this factor wasi? = 0.68,0.71,0.75,0.83, and 0.81, respectively. Apertures with these fill factors made it possible to utilize effectively the transverse cross sections of the amplifiers in laser systems.
The transmission of the central part of an aperture was related to the action of bremsstrahlung γ rays in the y-photon range greater than the transverse dimensions of the sample and it was within the range 50-94%, so that the ionizing radiation dose should not be much greater than the dose at which saturation of the induced absorption coefficient was observed.
Electron bombardment of crystals and glasses at high rates (a dose of 10 6 -10 8 rad was received in an interval ranging from 10 min to 2 h) altered the refractive index by δη/ η χ 10~4 (Fig. 5) at a depth equal to the depth of penetration of electrons. This did not affect the divergence of the radiation emerging from apertures because the region with a modified refractive index exhibited a strong absorption. Moreover, a slight curvature of the phase front at the edges of an aperture deflected the peripheral part of the radiation outside the limits set by the aperture profile, which again improved the apodizing properties of the latter. Therefore, the divergence of the laser radiation at the exit of an aperture was governed solely by the quality of the crystals before irradiation.
We also studied the damage thresholds and the possibility that the apertures could become bleached at high densities of the 1.06 μ laser radiation. We employed a single-mode YAG:Nd 3 + laser with passive Q switching. Transverse and longitudinal oscillation modes were selected, ensuring single-mode emission, by inserting a small-diameter (1 mm) aperture and a pile of quartz plates inside a plane-mirror resonator. The duration of a smooth bell-shaped pulse at midamplitude was 10 nsec. Lenses with focal lengths of 10 and 1.5 cm were employed in measurements of the damage threshold. The measurements were carried out in accordance with the method of Ref. 8 and they demonstrated that the field distribution at the entry to the lens and in the focal region was nearly Gaussian. The beam diameter at the entry of the lens was 2.6 mm and the diameters of the caustics at the 1/e level of the maximum intensity were 27 and 4.6 μ for lenses with focal lengths of 10 and 1.5 cm, respectively. Polished surfaces of the samples were carefully cleaned. The power of the radiation delivered in each shot was measured with a calibrated system comprising an FEK-09 coaxial photocell and a V4-6 digital voltmeter with an electrical pulse expander. The damage threshold was determined visually from the appearance of a spark breakdown in a sample. These measurements were carried out on fluorite samples containing 0.2% Pr 3+ irradiated with a dose of 4χ 10 7 rad and the induced optical absorption coefficient at the 1.06 μ wavelength of these samples was 1.8 cm"'. The results indicated that the surface damage appeared when the laser radiation intensity was 5 Χ 10 9 W/cm 2 , whereas bulk damage occurred at 2 Χ 10 1 ' W/cm 2 . It was found that the bulk damage threshold was almost independent of the nature of the rare-earth impurity ions and their concentration in fluorite ranged from 0 to 0.5%. In the case of pulses of 30 psec duration it was reported in Ref. 8 that the bulk damage threshold of fluorite was 7.7 X 10" W/cm 2 at the same wavelength. The damage threshold was not affected either by the induced absorption (2 cm"') at the wavelength of the radiation incident on the sample. This was in agreement with the results reported in Ref. 9 , where it was shown that the damage threshold of KBr crystals did not decrease because of the absorption induced as a result of action of γ rays.
The induced absorption at λ = 1.06 μ, which was the result of reduction of Pr 3+ in CaF 2 to the divalent state by ionizing radiation, represented a resonant transition between the 4/ 3 and 4/ 2 5c? states (Ref. 5). The saturation effect in a resonantly absorbing medium may under certain conditions reduce the absorption coefficient of high-intensity radiation. This made it necessary to determine experimentally whether bleaching occurred in this material because the soft apertures made of it were intended for the use at high radiation intensities.
We investigated plane-parallel CaF 2 :Pr samples of length 12 mm with an initial transmission of 20% at λ = 1.06μ. Measurements of the radiation energy transmitted by a sample were made in the same way as in the damage experiments; we used the FEK-90 photocell and the V4-6 digital voltmeter. The energy density of the radiation incident on a crystal was varied by transposing calibrated neutral filters, which were placed behind the sample when the energy density had to be increased so that in the absence of bleaching the radiation flux reaching the FEK-09 photocell was not affected. The errors due to instabilities of the laser system (up to 10%) were minimized by making 20-30 measurements at each value of the energy density. Moreover, such measurements were repeated for a different configuration of the filters.
In the range of energy densities from 5X 10" 3 to 5 J/ cm 2 there were no changes in the transmission of the investigated sample and this transmission was 20%, exactly as measured with a spectrophotometer. A further increase in the energy density from 7.5XlO~2to75 J/cm 2 was achieved by placing a lens with a focal length of 44 cm in front of the sample. Transposition of the filters was used to increase the energy incident on a sample until surface damage was observed. The length of the lens caustic was comparable with the length of the sample, so that spark breakdown was observed at the front and rear ends of the crystal. Once again there was no change in the transmission (absorption) coefficient.
Apertures of this kind had been used for the last two years in Sirius 10 and Kamerton" facilities at the Lebedev Physics Institute, and in Mishen'-l (Ref. 12) and Din-1 (Ref.
13) facilities at the Institute of Atomic Energy; they were also tried in other systems.
In real situations (in the case of wide laser beams) there was no damage when the laser radiation energy density was 3 J/cm 2 (pulse duration 3 nsec) and the aperture diameters were 2.5 and 4.5 cm (Ref. 12) or when the energy density was FIG. 6 . Photographs of cross sections of beams at the exits of apertures 2.5 cm in diameter directly behind the aperture (a) and at a distance of 3.5 m from the aperture (b), and at the entry to the aperture (c).
The authors are grateful to A. V. Malyutin, A. S. Kil-'pio, Yu. K. Nizienko, M. V. Brenner, V. V. Aleksandrov, and Yu. V. Korobkin for the opportunity to investigate the above-mentioned apertures in high power laser systems, to V. G. Ageev for his help in the machine calculations, and to R. V. Serov for valuable comments. 1 J/cm 2 (pulse duration 300 psec) and the beam diameter was 1 cm (Ref. 14) . Figure 6 shows a photograph of a beam emerging from an aperture 2.5 cm in diameter recorded immediately behind the aperture and at a distance of 3.5 m from it. Diffraction by the outer surface of the crystals was avoided by the use of Teflon supports. A part of a Teflon support was removed from the right upper sector of the outer edge of a soft aperture when the photograph in Fig. 6b was taken (this was done for clarity). There were no diffraction rings due to the soft aperture. (Fig. 6b) , whereas in the case of a sharp edge which could even have a greater diameter there were clearly visible diffraction rings at the same distance.
When a soft aperture 1 cm in diameter was placed at the exit of a facility 13 generating pulses of 2.5 J energy and 25 nsec duration, the efficiency of conversion of neodymium laser radiation to the second harmonic increased from 40 to 55% because of a better filling of the cross section of the aperture with the beam.
Our investigation thus showed that apodizing inducedabsorption fluorite apertures could be used successfully in high-power λ = 1.06 μ laser systems. The dimensions of our CaF 2 :Pr single crystals made it possible to apodize laser beams with apertures up to 20 cm. Moreover, with a suitably selected rare-earth impurity these crystals could be used as a material for the manufacture of soft apertures suitable for near-infrared and visible parts of the spectrum, since the divalent rare-earth ions are known to have wide absorption bands in these parts of the spectrum.
